What are the sources of hydrogen peroxide production by heart mitochondria?  by Grivennikova, Vera G. et al.
Biochimica et Biophysica Acta 1797 (2010) 939–944
Contents lists available at ScienceDirect
Biochimica et Biophysica Acta
j ourna l homepage: www.e lsev ie r.com/ locate /bbab ioWhat are the sources of hydrogen peroxide production by heart mitochondria?
Vera G. Grivennikova a, Alexandra V. Kareyeva a, Andrei D. Vinogradov a,b,⁎
a Department of Biochemistry, School of Biology, Moscow State University, Moscow 119991, Russian Federation
b Institute of Mitoengineering of Moscow State University, Moscow 119991, Russian Federation⁎ Corresponding author. Department of Biochemistr
State University, Moscow 119991, Russian Federation. T
E-mail address: adv@biochem.bio.msu.su (A.D. Vino
0005-2728/$ – see front matter © 2010 Elsevier B.V. A
doi:10.1016/j.bbabio.2010.02.013a b s t r a c ta r t i c l e i n f oArticle history:
Received 13 November 2009
Received in revised form 9 February 2010
Accepted 9 February 2010
Available online 17 February 2010
Keywords:
Hydrogen peroxide production
Respiratory activity
Complex I
Matrix proteins
Ammonium
MitochondriaCoupled rat heartmitochondria produce externally hydrogenperoxide at the rateswhich correspond to about 0.8
and 0.3% of the total oxygen consumption at State 4 with succinate and glutamate plus malate as the respiratory
substrates, respectively. Stimulation of the respiratory activities byADP (State 4–State 3 transition) decreases the
succinate- and glutamate plus malate-supported H2O2 production 8- and 1.3-times, respectively. NH4
+ strongly
stimulates hydrogen peroxide formation with either substrate without any effect on State 4 and/or State 3
respiration. Rotenone-treated, alamethicin-permeabilized mitochondria catalyze NADH-supported H2O2
production at a rate about 10-fold higher than that seen in intact mitochondria under optimal (State 4
succinate-supported respiration in the presence of ammonium chloride) conditions. NADH-supported hydrogen
peroxide production by the rotenone-treatedmitochondria devoid of a permeability barrier for H2O2 diffusion by
alamethicin treatment are only partially (∼50%) sensitive to the Complex I NADH binding site-speciﬁc inhibitor,
NADH-OH. The residual activity is strongly (∼6-fold) stimulated by ammonium chloride. NAD+ inhibits both
Complex I-mediated and ammonium-stimulated H2O2 production. In the absence of stimulatory ammonium
about half of the total NADH-supported hydrogen peroxide production is catalyzed by Complex I. In the presence
of ammonium about 90% of the total hydrogen peroxide production is catalyzed bymatrix located, ammonium-
dependent enzyme(s).y, School of Biology, Moscow
el./fax: +7 495 939 13 76.
gradov).
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More than50 years ago [1] itwas recognized thathydrogenperoxide
production in mitochondria accounts for up to 2% of the total oxygen
consumption during controlled (State 4) respiration. Participation of
respiratory chain components in the two-electron reduction of oxygen
wasoriginally demonstrated in1966by Jensenwhoobserved signiﬁcant
antimycin-insensitive oxidation of NADH and succinate by bovine heart
electron-transport particles coupled with a formation of H2O2 [2]. The
NADH–ubiquinone [3–6] and ubiquinol–cytochrome c oxidoreductase
(Complex III) [7–9] regions of the respiratory chain have been identiﬁed
as the siteswhere superoxide, an immediate stoichiometric precursor of
hydrogen peroxide [10], is formed. NADH-supported and ubiquinol-
supported superoxide generation has also been demonstrated for
isolated puriﬁed Complex I [11,12] and Complex III [13,14].
The rate of superoxide generation depends on both the concentra-
tion of oxygen and a reductant. Indeed, it was shown many years ago
that the rate ofmitochondrial hydrogen peroxide production is strongly
dependent on themetabolic state: it is high in State 4, when the NADH/
NAD+ and ubiquinol/ubiquinone pools are largely reduced, and is low
in State 3, when the steady-state concentrations of the potential oxygen
reductants are decreased [15,16]. The degree of reduction of thesecomponents (or the components which are in equilibrium with them)
and therefore the rate of superoxide/hydrogen peroxide production are
expected to be under proton-motive force control, as has been
experimentally demonstrated in a number of later studies on different
mitochondrial preparations [6,15–20]. This simple thermodynamic
model for energy-dependent superoxide production does not hold for
Complex I. The NADH-supported Complex I-catalyzed superoxide
generation by inside-out submitochondrial particles shows maximal
activity at low NADH concentration (∼50 μM), and the reaction is
strongly inhibited at higher physiologically relevant concentrations of
NADH (mmolar range) [21]. Thus, an apparent contradiction seems to
exist: mitochondria are capable of the NAD(P)H redox state-dependent
hydrogen peroxide formation and the activity of Complex I, the major
contributor to the matrix located superoxide production is inhibited by
high concentrations of NADH. This apparent contradiction and other
considerations (see Ref [21] for the details) led us to propose that other
matrix located component(s) in addition to Complex I are signiﬁcant
contributors to the overall mitochondrial hydrogen peroxide produc-
tion. This proposal has been conﬁrmed by the demonstration of NADH-
supported, ammonium-stimulated generation of hydrogen peroxide by
the soluble crude matrix protein fraction derived from bovine heart
mitochondria [22]. Although the speciﬁc matrix located protein(s)
responsible for the ammonium-sensitive NADH-supported H2O2 for-
mation has not been identiﬁed, the quantitative evaluation of relative
contributions of Complex I and matrix to the overall reaction seemed
desirable. Here we will show that only about one-half of the total
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accounted for the Complex I-mediated reaction. Soluble matrix
protein(s) are responsible for the other half of H2O2 formation. In the
presence of stimulatory NH4+ the total hydrogen peroxide production
drastically increases and about 90% of the NH4+-stimulated activity is
accounted for by soluble matrix located protein(s). Data on limited
diffusion of hydrogen peroxide across the mitochondrial membranes
will also be presented and discussed.
2. Materials and methods
Rat heart mitochondria were prepared essentially as described
[23]. Fractionation procedure was conducted at 0–4° as follows.
Mitochondria (10 mg protein/ml) were suspended in 0.15 M sucrose.
One mM EDTA–KOH (pH 7.5, ﬁnal concentration) was added and the
mixture was incubated under argon ﬂow for 15 min. The pH was
adjusted to 8.6 by 1 M NH4OH and the mixture was subjected to
sonication (Soniprep 150 MSE) 6 times for 30 s with 1 min intervals.
The suspension was centrifuged for 15 min at 26,000 ×g, small
precipitates were discarded, 5 mM Tris–Cl buffer (pH 7.5, ﬁnal
concentration) was added to the supernatant, and the mixture was
centrifuged for 1 h at 200,000×g. The clear supernatant was collected
and used for assays of the “matrix” protein activity. The precipitated
material was suspended in 0.25 M sucrose and used as themembrane-
bound (unbroken mitochondria, submitochondrial particles, outer
membranes) protein activity. The standard reaction mixture for all
assays was composed of 0.25 M sucrose, 10 mM KCl, 0.1 mM EDTA–
KOH, and 5 mM potassium phosphate, pH 7.5 (other additions are
indicated in the legends to the Tables and Figures). The respiratory
activitiesweremeasured amperometricallywith a Clark-type electrode.
H2O2 generation was monitored at 30 °C at 572–600 nm (formation
of resoruﬁn, ε572–600=54 mM−1 cm−1 [24]) in the standard reaction
mixture supplemented with 10 μM Amplex Red, horseradish perox-
idase (2 U/ml), and superoxide dismutase from bovine erythrocytes
(6 U/ml).
Protein content was determined by the biuret procedure. Amplex
Red was from AnaSpec, Inc. (U.S.A.); other ﬁne chemicals were from
Sigma-Aldrich (U.S.A.). NADH-OHwaskindly providedbyDr. Alexander
Kotlyar (Tel Aviv University, Israel).
3. Results
As the ﬁrst step of our studies the rates of total oxygen con-
sumption and hydrogen peroxide formation during State 4 and State 3
respiration of coupled rat heart mitochondria were measured
(Table 1). About 0.8% of the total oxygen consumed during
succinate-supported State 4 respiration appeared in the surrounding
medium as hydrogen peroxide. This value was decreased down to lessTable 1
Generation of hydrogen peroxide by coupled rat heart mitochondria (pH 7.5, 30 °C)a.
Substrateb Oxygen consumption Hydro
(Two-electron equivalents·min−1) mg−1×109
State 4c State 3d State 4
− NH
Succinate 0.65±
+ rotenoneb 80±10 285±35 0.25±
Glutamate+Malate 35±6 245±30 0.12±
+ rotenoneb 0 0 0.32±
a Averaged values from 4 experiments; 1 mg and 0.1 mg protein per ml were added whe
b Each substrate was added at 5 mM concentration; and 5 μM rotenone was present whe
c No ADP was present.
d 400 μM ADP was added.
e Ammonium chloride at 30 mM ﬁnal concentration was added.than 0.03%when respirationwas activated by ADP. The corresponding
ﬁgures for glutamate/malate-supported H2O2 production were
substantially lower (0.3 and 0.04%, respectively). Rotenone signiﬁ-
cantly decreased the succinate-supported and increased the gluta-
mate/malate-supported generation of hydrogen peroxide thus
suggesting that State 4 succinate-supported reaction proceeded via
energy-dependent reverse electron transfer pathway. The data shown
in Table 1 for hydrogen peroxide production correspond to the lowest
values of the actual one- and two-electron reduction of oxygen in the
matrix since intramitochondrial superoxide dismutases operating
together with glutathione peroxidase and catalase are expected to
decrease the amount of H2O2 that appears in the surrounding
medium. Ammonium chloride, an activator of the matrix-catalyzed
NAD(P)H-supported hydrogen peroxide production [22] stimulated
both succinate- and glutamate/malate-supported generation of H2O2,
whereas no effects of NH4+ on the respiratory activities in State 4 and
State 3 with either substrate were seen (data not shown). This is an
expected phenomenon if the stimulatory effect of NH4+ is targeted to
H2O2-producing activity other than that catalyzed by the respiratory
chain components. The data presented in Table 1 suggest that the
highest H2O2 production is observed when intramitochondrial pool of
NAD(P)++NAD(P)H is maximally reduced. Thus, the actual maximal
rates of the NADH-supported H2O2 generation by Complex I and by
other enzymes can be determined in rotenone-treated mitochondria
providing that externally added NADH would serve as a reductant for
the intramitochondrial enzymes. This can be achieved by treatment of
intact mitochondria with the pore-forming antibiotic alamethicin (in
the presence of Mg2+) as has been described previously [25]. This
approach also permitted the use of the potent nucleotide binding site-
directed inhibitor of Complex I, NADH-OH [26] which inhibits both
NADH-supported and succinate-supported (via energy-linked reverse
electron transfer pathway) superoxide production by Complex I in
tightly coupled submitochondrial particles [27].
Table 2 summarizes experiments aimed to dissect the relative
contributions of Complex I and other enzyme(s) to the overall NADH-
supported hydrogen peroxide production by permeabilized mito-
chondria at different concentrations of NADH and NAD+. When both
matrix enzyme(s) and Complex I were operating (no NADH-OH was
added) at optimal for Complex I superoxide generation activity
(50 μM NADH) the overall reaction was about 4-times stimulated by
NH4+. Both basal and NH4+-stimulated activities were signiﬁcantly
inhibited by equal (to NADH) concentrations of NAD+. In contrast to
what has been shown for Complex I-mediated superoxide generation
by inside-out coupled submitochondrial particles devoid of matrix
proteins [21] higher level of NADH (2 mM) did not inhibit H2O2
production. In the presence of NADH-OH (Complex I activity was
blocked)mitochondria still produced H2O2 at a rate that accounted for
about half of the activity seen in the absence of the inhibitor. Thegen peroxide production
c State 3d
4Cl + NH4Cle − NH4Cl + NH4Cle
0.01 1.60±0.15 0.08±0.01 0.15±0.05
0.05 0.40±0.10 0.30±0.10 0.30±0.10
0.01 0.35±0.15 0.09±0.01 0.40±0.15
0.01 0.50±0.30 0.36±0.02 0.77+0.03
n oxygen consumption and hydrogen peroxide production were assayed, respectively.
re indicated.
Fig. 1. Limited permeability of mitochondrial membranes for hydrogen peroxide. Trace 1,
Mitochondria (Mito) (1.8 mg/ml) was added to the standard reaction mixture in a closed
vessel with oxygen-sensitive electrode and oxygen consumption and production were
followed. The additions were: G+M, glutamate and malate 5 mM each; ADP 2 mM; Rot,
rotenone 5 μM; H2O2 1 mM; Ala, alamethicin 40 μg/ml and MgCl2 2.5 mM. Trace 2,
alamethicin and MgCl2 were added just before hydrogen peroxide. Trace 3, control, no
mitochondria were added. The numbers (in italics) at the traces show the rates of oxygen
consumption or production in two-electron equivalents per min per mg protein.
Table 3
Fractionation of the mitochondrial hydrogen peroxide-generating activitya.
Speciﬁc activity (nmoles of H2O2/min per mg protein)
− NADH-OH + NADH-OHc
− NH4Cl + NH4Cld − NH4Cl + NH4Cld
Mitochondriab 5.3±0.4 19.8±4.0 2.9±0.2 17.4±3.3
200,000 g supernatant
(matrix proteins)
7.7±2.9 46.1±10.6 6.4±2.6 49.7±14.1
Precipitate
(membrane-bound
proteins)
4.3±0.1 6.9±0.1 1.3±0.1 4.4±0.2
a The results of two experiments.
b Mitochondria were permeabilized (see Table 2); all assays were done with 50 μM
NADH in the presence of 5 μM rotenone.
c NADH-OH (2.5 nmol/mg protein) was added after permeabilization, and pre-
incubation was continued for 1 min.
d 30 mM NH4Cl was presented in the assay mixture.
Table 2
The NADH-supported generation of hydrogen peroxide by permeabilized rat heart
mitochondria (pH 7.5, 30 °C)a
Hydrogen peroxide production (nmol/min per
mg protein)
− NADH-OH + NADH-OHb
− NH4Cl + NH4Clc − NH4Cl + NH4Clc
NADH (50 μM) 5.1±0.4 19.2±2.6 2.4±0.2 15.1±0.6
NADH (50 μM)+NAD+ (50 μM) 1.0±0.2 3.1±0.6 0.7±0.1 3.9±1.0
NADH (2 mM) 5.3±0.2 33.3±2.3 3.9±0.5 32.9±0.9
NADH (2 mM)+NAD+ (2 mM) 1.2±0.1 2.2±0.3 0.9±0.1 1.7±0.2
a Average values from 4 experiments. Mitochondria (20 μg/ml) were incubated for
0.5 min in the standard reaction mixture containing alamethicin (40 μg/ml), 2.5 mM
MgCl2, and 5 μM rotenone. The reaction was started by the addition of NADH.
Treatment with alamethicin increased the rate of externally added NADH (50 μM)
oxidation by mitochondria in the absence of rotenone from 0.06 to 1.4 μmol/min per
mg protein. The latter activity was more than 90% sensitive to NADH-OH.
b NADH-OH (2.5 nmol/mg protein) was added after permeabilization and pre-
incubation was continued for 1 min.
c 30 mM NH4Cl was presented in the assay mixture.
941V.G. Grivennikova et al. / Biochimica et Biophysica Acta 1797 (2010) 939–944residual NADH-OH insensitive hydrogen peroxide production was
stimulated about 6-fold by ammonium. This stimulatory effect was
particularly strong (about 10-fold) when the NADH-OH insensitive
reaction proceeded at high (2 mM) NADH concentration. Taken
together the data shown in Table 2 suggest that: (i) at least two
enzymes (one is evidently Complex I) are responsible for the overall
NADH- and succinate-supported (via rotenone-sensitive energy-
linked reverse electron transfer pathway) hydrogen peroxide pro-
duction in mitochondria; (ii) in the absence of NH4+ Complex I at
optimal non-physiological concentration of NADH is responsible for
about half of the total activity and the other half becomes 6-times
higher than that catalyzed by Complex I when stimulated by
ammonium; (iii) both Complex I-catalyzed and ammonium-dependent
H2O2 production are under the control of the NADH/NAD+ ratio.
Comparison of the data in Tables 1 and 2 provides interesting
insight into this phenomenon. The speciﬁc activities of permeabilized
mitochondria in the presence of low or high NADH concentrations
were much higher than those seen in intact mitochondria in the
presence of succinate in State 4 or in the presence of glutamate/
malate and rotenone, i.e., under the conditions where the intrami-
tochondrial pool of NAD(P)H+NAD(P)+ is expected to be highly
reduced. Endogenous reduced glutathione in intact mitochondria [28]
and intramitochondrial catalase [29,30] are expected scavengers of
some part of the matrix-produced hydrogen peroxide thus decreasing
external H2O2 accessible for the peroxidase used for its analytical
detection. The stimulating effect of alamethicin thus could be
explained at least partially by the loss of glutathione (not catalase)
from permeabilized mitochondria. It also seemed possible that the
inner mitochondrial membrane is not freely permeable to hydrogen
peroxide. The latter possibility was directly conﬁrmed by experiments
shown in Fig. 1. Hydrogen peroxide was added to the rotenone-
treated intact mitochondria after all the oxygen has been consumed in
State 3 respiration with glutamate/malate, and the internal mito-
chondrial catalase activity was followed as an increase of oxygen
concentration in the assay medium. The addition of alamethicin
resulted in signiﬁcant (three-fold) stimulation of hydrogen peroxide
decomposition by intramitochondrial catalase. Because no evidence,
whatsoever, exists for limited penetration of oxygen through the
mitochondrial membranes, it is safe to interpret this results as an
evidence for limited permeability of the inner membrane for
hydrogen peroxide.
Next, the quantitative distribution of the hydrogen peroxide
producing enzymatic activities in mitochondrial compartments was
addressed. Alamethicin- and rotenone-treated mitochondria were
used as the starting material and the speciﬁc activities of the fractions
obtained after ultrasonic disruption and high speed centrifugationwere measured (Table 3). The highest speciﬁc NADH-OH-insensitive
H2O2 producing activity was recovered in the soluble fraction, which
was increased up to about 50 nmol/min per mg protein in the
presence of NH4+. A relatively low speciﬁc activity was found in the
precipitated material. The membrane-associated activity was only
slightly stimulated by ammonium and it was only partially sensitive
to NADH-OH. The residual ammonium-sensitive and NADH-OH-
insensitive activity recovered in the precipitated material was
Fig. 2. Distribution of the total NADH-supported hydrogen peroxide-generating
activities between themembrane-bound andmatrix proteins in rat heart mitochondria.
Mitochondria were treated, fractionated, and assayed as described in Table 3.
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matrix proteins. Fig. 2 shows the distribution of the total hydrogen
peroxide producing activities of mitochondria treated as described in
Table 3. About half of the total activity could be accounted for by
Complex I-catalyzed H2O2 production. The other half (NADH-OH-
insensitive activity) was recovered in the soluble matrix fraction. In
the presence of ammoniumdramatic changes both in the total activity
and its distribution were seen. The total activity was greatly increased
and about 90% of that could be accounted for by the matrix-catalyzed
H2O2 production.
4. Discussion
The major aim of this study was to evaluate quantitatively the
relative contributions of Complex I and matrix-associated proteins to
the overall production of hydrogen peroxide bymitochondria. Despite
a vast literature on the subject we experienced difﬁculties in ﬁnding
articles where the absolute speciﬁc rates and percentage of oxygen
reduction to water and to hydrogen peroxide (via superoxide) have
been directly compared during State 4 and State 3 respiration with
different substrates, except for the old classical report [31] on H2O2
production by pigeon heart mitochondria andmore recent data for rat
and human brain mitochondria respiring at saturating oxygen
concentration [32]. Interestingly, our average values for the succi-
nate-supported hydrogen peroxide formation by intact mitochondria
in State 4 at pH 7.5 (0.65 nmol/min per mg of protein) are the same as
reported by Chance et al., for pigeon heart mitochondria using the
same conditions (0.7 nmol/min per mg protein) [31]. These coinci-
dent values disagree with several reports on the difference between
the rates of hydrogen peroxide production by mitochondria from
heart [33,34] and other organs [35] from long- (pigeon) and short-life
span (rat) vertebrates of similar size. It should be emphasized that in
the vast majority of published data the highest rates of external H2O2
production by mitochondria are seen during State 4 succinate-
supported respiration. As exempliﬁed by the data in Table 1, this
activity is decreased by rotenone and by State 4–State 3 transition(see also [15,16]) thus suggesting that the degree of NAD(P)+
reduction via energy-linked reverse electron transfer is the critical
factor for the rate of hydrogen peroxide formation. On the other hand
the reverse electron transfer activity is, perhaps, the most sensitive
indicator of coupling tightness for any particular preparation of
mitochondria. We believe that comparison of hydrogen peroxide
production by mitochondria from different organs (or animals)
without normalizing themeasured activity to their coupling efﬁciency
should be interpreted with caution.
Complex III that presumably generates H2O2 via superoxide
formation at the ubisemiquinone level at the Qo-site facing the
intermembranous space [20] contributes in about 40% to the maximal
externally detected hydrogen peroxide formation as is evident from
the comparison of the succinate-supported H2O2 formation in the
absence and presence of rotenone (0.65 and 0.25 nmol/min per mg
protein, respectively, Table 1).
Under conditions where the Complex I-mediated reaction is
prevented by NADH-OH signiﬁcant H2O2 production greatly stimulated
by ammonium was observed (Table 2). Both total and NADH-OH-
insensitive fractions of the externally detected hydrogen peroxide
production were increased by permeabilization of mitochondria. It is
generally believed that the inner mitochondrial membrane is freely
permeable to hydrogen peroxide in contrast to its precursor, the
superoxide anion. Our data (Table 2 and Fig. 1) show that this is not the
case. To our knowledge this is the ﬁrst demonstration of limited
diffusion of hydrogen peroxide across the mitochondrial membranes.
The existence of H2O2 gradients across plasma and peroxisomal
membranes of Jurkat T-cells has been detected by Antunes and Cadenas
[36]. Aquaporin-mediated facilitated diffusion of hydrogen peroxide
across the cellular membrane of yeast has recently been reported [37]
(see also [38] for the review). Limitation of hydrogen peroxide diffusion
across the mitochondrial membrane as demonstrated here raises two
important questions: what is the H2O2 concentration gradient, if any,
between the mitochondrial matrix space and the cytosol, and is the
external production of hydrogen peroxide by mitochondria under
control by speciﬁc protein-carrier like aquaporins? Further detailed
studies on H2O2 permeation across the outer and inner mitochondrial
membranes are evidently needed. The speciﬁc rates of the intramito-
chondrial hydrogen peroxide production (inmatrix) asmeasured using
intact mitochondria reported here (Table 1) and likely in many other
papers seem to be underestimated because of limited diffusion of
hydrogen peroxide across the membrane (Fig. 1). We believe that the
speciﬁc activities of hydrogen peroxide formation measured in
permeabilized mitochondria (Table 2) are more realistic. If the speciﬁc
activity of about 5 nmol/min per mg protein measured with 2 mM
NADH in the presence of rotenone (without activating ammonium) is
thevalue toapproximatehydrogenproductionat State 4 respiration, the
percentage of electron ﬂow in one-/two-electron reduction of oxygen
would be as high as about 6%. In the presence of activating ammonium
about an equal amount of the reducing equivalents from NADH are
utilized by the respiratory chain in State 4 (35 natom O2/min per mg
protein, Table 1) and by the enzyme(s) catalyzing hydrogen peroxide
production (33 nmol H2O2/min per mg protein, Table 2).
Here we conﬁrmed and extended our previous data [22] showing
that a substantial fraction of mitochondrial superoxide/hydrogen
peroxide generation is formed by soluble matrix-associated protein(s).
This is expected to be especially true when external or endogenously
formedNH4+ is present. Although theapparentKa for the activating effect
of NH4+ is well above the physiologically relevant concentration [22]
the actual intramitochondrial concentration of ammonium (formed
in glutamate dehydrogenase, AMP-deaminase, and glycine-cleavage
reactions) in a variety of metabolic states is not known.
The data presented here and elsewhere [21,22] show that the
speciﬁc sites of superoxide anion/H2O2 production are located in
the hydrophilic matrix space: FMN bound to hydrophilic part of
Complex I [11] andmatrix-associated NAD(P)H+NAD(P)+-dependent
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mitochondria, are believed to be important players in development of
a number of pathologies and aging, and also in normal cellular signaling
(see different aspects of the problem in reviews [39–44]). Vigorous
attempts to usemitochondria-targeted antioxidants have been recently
undertaken to prevent oxidative stress-related diseases and senescence
[45,46]. These mitochondria-addressed drugs are lipophilic ubi- [45] or
plastoquinone [46] moieties covalently linked with positively charged
triphenylphosphonium, and they are expected to be accumulated in the
innermitochondrialmembrane, thus actingas lipophilic antioxidants. In
light of the ﬁndings reported here that themajor part of reactive oxygen
species are formed in hydrophilic matrix it would be of interest to
compare the effects of hydrophilic mitochondria-targeted antioxidants
with those described for the lipophilic ones [45,46].
The last point to be brieﬂy discussed concerns the nature of the
soluble NAD(P)H-dependent, ammonium-stimulated hydrogen per-
oxide producing enzyme(s) in mitochondrial matrix. At present we
are not able to answer this question conﬁdently. Some results
recently obtained by our group (V. Grivennikova, A. Kareyeva, A.
Vinogradov, manuscript in preparation) can be summarized as
follows. (i) SDS-electrophoretically pure protein (one band with
apparent molecular mass of 50 kDa) with a speciﬁc activity of about
1 μmol/min per mg protein in the presence of ammonium chloride is
responsible for the matrix-associated NADH-dependent hydrogen
peroxide production. (ii) Mass-spectrometry analysis shows signif-
icant homology of this protein and bovine heart dihydrolipoyl
dehydrogenase. In light of earlier data on signiﬁcant heterogeneity of
dihydrolipoyl dehydrogenases in bovine heart mitochondria [47,48]
it is not unreasonable to suggest that the protein in question is one of
themultiple forms of that enzyme or other ﬂavoproteins similar to it.
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